Abstract: The effect of hydrothermal curing regimes on the hydration characteristics of slag cement containing different ratios of cement kiln dust has been studied. The samples for this study were combination of slag cement and cement kiln dust (5%-25%) without and with immobilization of 5% Cr (VI) by mass. Pastes were hydrothermally treated at 180 ℃ for different periods (2-24 h) in well closed stainless steel capsule. The hydration characteristics of these pastes were studied by measuring the compressive strength, bulk density, total porosity and combined water content. The findings were further supported by XRD and SEM analysis. The results indicated that the hydration characteristics of slag cement paste containing cement kiln dust 10% by mass were enhanced, especially at later ages (24 h) of hydration. That is due to the hydrothermal curing regimes of immobilized pastes accelerating hydration reactions and precipitation of CaCrO 4 , indicating that Cr (VI) can be solidified in the cement paste. This precipitation leads to pore formation in hydrated slag cement pastes.
Introduction
Some materials such as silica fume, fly ash, blast furnace slag, sugarcane biomass waste and natural pozzolan have been used for many years as constituents of cements [1] [2] [3] . Proper application of such reactive materials results in improvement of strength and durability of cement composite, especially in later periods of hydration [4] . Around 65% of blast furnace slag (BFS) has been utilized for the manufacture of Portland slag cement. BFS, of higher lime content, is well known to have a hydraulic activity with water mixing. Therefore, the BFS may be used as a useful material for producing building materials directly like Portland slag cement [5] . Cement kiln dust (CKD) is a by-product of the OPC manufacturing process; it is collected from cement kiln exhaust gases. To produce OPC, calcium carbonate and clay are ground, mixed and calcined by heating at very high temperatures [6] .
U s i n g o f C K D t o a c t i v a t e g r a n u l a t e d s l a g , concentrating on the effects of kiln dust content and the calcination temperature on the hydration of slag has been studied. The utilization of CKD and some other industrial solid wastes in the field of cement industry and other building products was also reported [7] . It was found that, large quantities of the CKD could not be returned to the kiln due to its high alkaline content.
More efficient using of CKD can be achieved through utilization of CKD as an activator for slag to create cementitious binders with superior performance [8] .
Solidification of heavy metals containing inorganic materials in mortars and concretes produced using OPC is an effective way of immobilization. The mechanism of the process occurring during immobilization, as well as the assessment of the effectiveness of solidification, has been widely studied and discussed [9, 10] . The heavy metal ions are identified by the environmental protection agency as priority metallic pollutants. They are Cr (VI), Pb, Ba, Se, Zn, Ag, Hg, As and Cd [11, 12] . The precipitated, insoluble hydroxides of heavy metals, such as Cr (III), Pb and Zn modify the porosity of cement matrix [11, [13] [14] [15] [16] .
Portland and other types of cement, for example, calcium aluminate cement, slag cement, pozzolanic cement are often used as binders in the solidification and stabilization of wastes. Hydration of cement can be modified by heavy metals due to coating around cement grains [16] [17] [18] . It was investigated that most Cr (VI) ions were precipitated as Ca 2 CrO 5 ·3H 2 O in cement. The solidification of Cr (VI) with OPC and marble dust blended cement was investigated [19] . The wastes from the other areas of human activity, e g, from power industry (fly ash of different origins), metallurgical BFS can be very effectively adapted for this purpose [11] .
Precipitation of waste elements as cations or carbonate results in an increased demand for Ca 2+ ions in the waste matrix affecting strength development. Cement-based materials are used under wide ranges of temperature, humidity, and pressure. It is wellestablished that the temperature affects the hydration reaction of cement [19, 20] . Therefore compressive strength can be increased; at least it can remain stable over time [21] .
The hydrothermal solidification technology is considered to save energy due to a lower hydrothermal autoclaving temperature (< 200 ℃). Blast furnace water-cooled slag (BFWS) has been solidified using a hydrothermal processing method [5] . Apart from the autoclaving, the characteristics of low pressure steam cured concretes do not differ markedly from those of concretes cured under ambient conditions. The hydration of the cement compounds proceeds more rapidly, but the hydration reactions are basically the same. To the best of our knowledge, studying of immobilization of slag cement in presence of CKD with Cr (VI) using hydrothermal techniques in a closed system is not reported yet. In this study, the effect of hydrothermal conditions on the hydration characteristics of slag cement in presence of CKD for different hydrothermal ages up to 24 h has been reported. Immobilization of Cr (VI) as well as interactions between cement phases and Cr (VI) has been discussed. The findings were supported by XRD and SEM analysis.
Experimental
The materials used in this investigation were: OPC and CKD (Assuit Cement Company, Egypt), ground granulated blast furnace slag (Helwan Co., Egypt) and analytical grade K 2 CrO 4 (Sigma Aldrich). 5% (wt./volume) K 2 CrO 4 solution was used in slag cement immobilization of Cr (VI). Portland blastfurnace slag cement was obtained by mixing 65% OPC with 35% granulated blast furnace slag (GBFS) [22] .
The various mixtures and the chemical compositions of the starting materials are shown in Tables 1 and  2 respectively. Each dry mixture was completely homogenized for one hour in a porcelain ball mill, then kept in airtight containers until the time of cement paste preparation. The mixing operation was then completed by vigorous mixing by trowel for about three minutes. At the end of mixing, the paste was directly moulded in the moulds. Immobilization of Cr (VI) was carried out by adding 60 mL of 5% K 2 CrO 4 solution into 220 g of slag cement of each dry mixture [12] . The resulting paste was then pressed by hand molding pressure into stainless steel cylindrical moulds and further treated as mentioned in our recent publication [3] . The specimens then were demoulded and cured under tap water in stainless steel capsule (as shown in our recent publication [23] ) keeping the occupied volume equaling 0.67 of the total volume capacity. The hydrothermal process was described in details elsewhere [23] . In case of immobilization of Cr (VI) in cement pastes, the specimens were cured in less than 5% K 2 CrO 4 solution in a stainless steel capsule without mixing hydrated cubes with water to avoid leaching of chromium from hardened cement pastes during the hydrothermal treatment. Compressive strength, bulk density, total porosity and combined water content were determined as described elsewhere [3] .
X-ray fluorescence (XRF, Philips X-ray PW1370) was used to verify the oxide content of the starting materials (OPC, CKD and GGBS). X-ray diffraction (XRD, a Philips PW1700 diffractometer system using Cu-Kα radiation) was used to identify the phase and structure of the samples. Scanning electron microscopy (SEM) was conducted by Jeol-Dsm 5400 LG apparatus.
3 Results and discussion
Compressive strength
The results of the compressive strength of pozzolanic cement pastes made from slag cement containing weight percentage ratios (5%-25%) of CKD with different thermal curing ages up to 24 h under tap water and 5% K 2 CrO 4 solution in stainless steel capsule are shown in Figs.1 (a) and (b), respectively. The compressive strength of all mixtures cured in sealed stainless steel capsule increases with increasing hydrothermal age. This is because the sealed curing method prevents loss of moisture of specimen and hence allows continuing hydration [23, 24] .
The compressive strength increases with increasing hydrothermal age for all hardened cement pastes; this is due to the continuous hydration and accumulation of hydration products in water filled pores to form a more compact body. The compressive strength values of the hydrothermally treated pastes made from slag cement including CKD increase continuously with increasing age of hydration. It is clear that the best mixes are those with 5 and 10% CKD (mixes Wr5 and Wr10). These mixes show reasonable values of compressive strength compared to the rest mixes, therefore such mixes can be considered optimum for the utilization of CKD in the production of blended slag cement under hydrothermal treatment. On the other hand, the compressive strength decreases with increasing CKD content up to 15% by weight as a result of dilution of cement. In addition, the large amounts of alkalies present in CKD caused a sort of crystallization of hydration products, which resulted in the opening of the pore system of the hardened samples leading to the reduction of the compressive strength. Generally, the addition of cement kiln dust activates the slag hydration. The activation of slag proceeds via two steps. The first step is the preinduction period; chlorides, sulphates and alkalis in cement kiln dust, activate the slag. As the hydration proceeds, the Portland cement clinker hydrates to accumulate more hydrated lime. The second step is called the induction period. During this period, Ca(OH) 2 is the main activator for the slag. As a result, more hydration products are formed. Increasing the curing time permits more accumulation of hydration products.
In case of immobilization of Cr (VI), all pastes hydrated with 5% K 2 CrO 4 solution have low compressive strength at early ages of hydration then the rate of strength development enhanced at later ages of hydrothermal. This indicates that chromium addition affects the pore formation mechanism [12] and reduces the compressive strength of the solidified cement especially at early ages [15] . solution is lower than that hydrated with water because the addition of chromium affects the pore formation mechanism and reduces the compressive strength of the solidified cement especially at early ages.
Bulk density and total porosity
The porosity is an intrinsic property of cement paste which influences the strength and permeability of cement pastes. The porosity of the paste typically increases with the water/cement (w/c) ratio and decreases with the curing period. The density is an important factor in the determination of porosity, assessment of durability and strength, and estimation of lattice constants for the CSH phase in hydrated Portland cement. As the hydration of cement progresses, the hydration products fill some of the pores because the volume of hydration products is twice more than that of the anhydrous cement; this decreases the porosity and increases the bulk density of hardened cement paste [11] .
Figs.2 (a) and (b)
show the bulk density of slag cement containing weight percentage ratios (5%-25%) of CKD as a function of hydrothermal curing age under tap water or 5% K 2 CrO 4 solution in stainless steel capsule, respectively. In addition, Figs.3 (a) and (b) shows the total porosity of the same sets of samples. The bulk density increases while the total porosity decreases for all cement pastes with increasing hydrothermal curing age due to the progress of hydration of clinker phases and pozzolanic reaction. The formed hydration products such as calcium silicate and aluminosilicate hydrates accumulate in the pore of the cement matrix. The calcium silicate hydrate (tobermorite, Ca 5 Si 6 O 16 (OH) 2 ·5H 2 O) is the main binding agent in hardened building materials.
Tobermorite forms hydrothermally under kinetic control at temperatures around 180 ℃ and saturated vapour pressure from portlandite (Ca(OH) 2 ), quartz and water. Tobermorite phase has a larger volume of the structure than α-C 2 SH phase, which causes a decrease in porosity and increase in the bulk density [25] . Under these conditions, process kinetics is mainly dominated by the temperature dependent retrograde solubility of portlandite and tobermorite will be obtained instead of the equilibrium phase xonotlite [26] . Moreover, the bulk density decreases while total porosity increases for all cement pastes with increasing CKD content. This may be due to the presence of excess amounts of CKD due to the large amounts of alkalies present in CKD that caused a sort of crystallization of hydration products, which resulted in the opening of the pore system of the hardened samples leading to the increasing of the total porosity and decreasing of bulk density. In particular, mixes (Wr5 and Wr10) gave the highest values of bulk density and the lowest values of porosity which is in a good agreement with the compressive strength results. These results clearly show a close relationship between the change of the porosity, density and strengths, and of the time of hydrothermal treatment of the cement samples [21] .
In case of immobilization of Cr (VI), the bulk density of slag cement-CKD pastes hydrated with 5% K 2 CrO 4 solution is higher than that hydrated with water ( Fig.2 (b) ). Chromium precipitate as CaCrO 4 causes pores filling which leads to decreasing in total porosity and increasing in bulk density. The bulk density decreases while the total porosity increases with increasing CKD content due to that CKD makes a dilution effect and has a lower specific gravity. It was found that the pore structure varied depending upon the wastes used.
Chemically combined water content
The degree of hydration of Portland cements may be estimated by the determination of the combined water content of the hardened cement paste. The definite chemical composition of different hydrates as well as the changes caused by pozzolanic in their chemical composition is not accurately known. Accordingly the determination of combined water is useful in determining the degree of hydration of blended cement [27] . The combined water content of hardened cement paste depends on the amount and type of hydration products. It is well known that combined water content generally increases with curing time due to the progress of the hydration and formation of hydration products which have high combined water contents such as CSH (calcium silicate hydrate, 3CaO·2SiO 2 ·XH 2 O), C 4 AH 13 (tetracalcium aluminate hydrate) and C 2 ASH 8 (gehlenite hydrate, calcium sulfoaluminate hydrate). On the other side, combined water may decrease with curing time of cement pastes due to the transformation of the hydration products of high lime to that of low lime contents [28] .
Figs.4 (a) and (b) show chemically combined water content of slag cement containing weight percentage ratios (5%-25%) of CKD as a function of hydrothermal curing age under tap water and 5% K 2 CrO 4 solution in a stainless steel capsule. It is clear that the combined water content increases with increasing hydrothermal curing age for all cement pastes. That is due to the progress of the hydration with hydrothermal curing age. Combined water contents of the hydrothermally treated specimens made of mixtures Wr5 and Wr10 possess the higher values compared to the rest mixes. Such results are in a good agreement with the compressive strength values. The results of the combined water content of all slag cement pastes containing CKD are decreasing with increasing CKD content. This is due to the decrease of clinker content with increasing amounts of CKD. Obviously, the change of combined water contents of such mixes shows three stages namely; (i) "pre-dormant" period when a rapid interaction between water and the grains of blended cement constituent occurs (2-4 h), (ii) "the dormant" period when the hydration reaction is slowed down due to the formation of an almost impermeable layer of amorphous hydrates around the cement grains which hinders the diffusion of water through this amorphous layer to the remaining unhydrated cement grains (4-12 h) and (iii) "the acceleration'' stage when the hydration reaction is accelerated as a result of stabilization (via crystallization) of the initially formed hydrates and the diffusion of water becomes unhindered leading to the formation of larger amounts of hydration products (> 12 h), see Fig.4 (a) . The duration of these hydration stages depends on the constitution of each cement blend.
In case of immobilization of Cr (VI), the combined water content of slag cement-CKD pastes is slightly lower than that hydrated with water. This is because addition of Cr (VI) accelerates the hydration reactions due to precipitation of calcium chromate and the increased demand for Ca 2+ ions in the cement pore solution. The combined water content decreases with CKD content due to that increasing CKD content makes a dilution effect. Generally, it is clear that autoclave and steam curing provide perfect conditions for complete and accelerated hydration media for hydration process especially with combined mineral admixtures [23] .
Structure and phase analysis
Phase identification for various samples hydrothermally treated in water and 5% K 2 CrO 4 solution was done using X-ray diffraction (XRD). Fig.5 shows the XRD patterns of the hydration products of the pozzolanic cement pastes containing (5% and 10% by mass) of CKD in water (Wr5 and Wr10) and in 5% K 2 CrO 4 solution (Cr5 and Cr10) under hydrothermal treatment for 24 h. Tobermorite is a calcium silicate hydrate mineral of ideal composition 5CaO·6SiO 2 · 5H 2 O, and it can be formed by the reaction between Ca(OH) 2 and SiO 2 . Based on these results, the compressive strength development may be attributed to the formation of tobermorite which improves the strength. In addition, other unhydrated clinker phases such as alite (C 3 S, tricalcium silicate, 3CaO·SiO 4 ), belite (C 2 S, β-Dicalcium silicate, β-2CaO·SiO 4 ) and portlandite (CH, calcium hydroxide, Ca(OH) 2 ) were observed [12] . It was observed that the immobilization of Cr (VI) results in the detection of CaCrO 4 and K 2 CrO 4 . As a result, addition of Cr (VI) may accelerate hydration reactions in presence of pozzolana due to precipitation of calcium chromate and the increased demand for Ca 2+ ions in the cement pore solution. Generally, it is clear that autoclave and steam curing provide perfect conditions for complete and accelerated hydration media for hydration process especially with combined mineral admixtures [23] . 3.5 Morphology and microstructure Fig.6 shows the SEM images of slag cement paste containing 5% CKD thermally treated with water and 5% K 2 CrO 4 solution for 24 h. The scanning electron micrographs displayed the formation of various hydration products after 24 h of hydrothermal age; the micrographs show the formation of more crystalline calcium silicate hydrates (CSH). These hydrates appeared as close-textured hydration products with amore denser structure. This indicates that mix (Wr5) has low porosity and high compressive strength. These results are in a good agreement with those of the total porosity and compressive strength values. Whereas, tobermorite forms a more dense, compact and continuous mass at later ages of hydrothermally curing (24 h) [3] . In case of slag cement-CKD paste hydrated with 5% K 2 CrO 4 , CaCrO 4 was observed as a result of the reaction between portlandite and K 2 CrO 4 . The micrograph displayed close-textured, dense structure of crystallized CSH as well as particles with irregular appearance with some porous. This may be due to that addition of Cr (VI) may accelerate hydration reactions. These results are in a good agreement with the previous studies [29] .
Conclusions
In conclusion, the cement-CKD pastes showed high compressive strength under hydrothermal conditions as well as in case of immobilization of Cr (VI). The hydrothermal curing accelerates the hydration characteristics of cement materials due to enhance the progress of hydration of clinker phases and pozzolanic reaction. Moreover, the hydration characteristics were found to be dependent on the CKD content. Hydration characteristics of slag cement pastes containing (5%-10% by weight) CKD were enhanced especially at later ages of hydration (24 h) under hydrothermal treatment. The development in strength depended on tobermorite formation. Immobilization of Cr (VI) in slag cement pastes reduces their hydration characteristics, accelerates hydration reactions due to precipitation of CaCrO 4 and affects the pore formation mechanism of hydrated cement pastes. This indicates that Cr (VI) is easily solidified in the concrete. XRD results indicate tobermorite formed by the pozzolanic reaction of hydrothermally slag cement-CKD pastes as well as the precipitation of CaCrO 4 . SEM results indicate that hydrothermal treatment of treated slag cement-CKD pastes result in the formation of tobermorite with a denser structure. According to this investigation, it was recommended that the slag cement which contains 5%-10% CKD can be used for general construction purposes. Also, it is effective for immobilization of concentrated waste Cr (VI).
